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NONLINEAR ANALYSIS OF A RELATIVISTIC
BEAM-PLASMA CYCLOTRON INSTABILITY

I. Introduction

\ Electromagnetic electron cyclotron interactions have been applied to a
wide range of phenomena ranging from radiation and acceleration processes in
astrophysics to laboratory radiation and acceleration sources. In genheral an
electron cyclotron instability results from a resonance between the electron's
cyclotron motion with the Doppler-shifted electromagnetic wave frequency. One
. class of coherent electron cyclotron instabilities which relies on

L: relativistic effects associated with the electron motion is called the

i electron cyclotron "maser" or "gyrotron" instability. In this instability

o the electron's cyclotron frequency is a function of the electron's energy

5 (nonisochronous rotation). Under certain conditions, i.e., if the Doppler

:: shifted radiation frequency is slightly higher than the electron cyclotron

E frequency, the electrons can experience azimuthal phase bunching. The

'g resulting electron current density excites coherent radiation. This mechanism

was proposed independently in the late 1950's by a number of researchers"u and

is the basis of the electron cyclotron maser radiation source (g:{x*c:.t‘.r":)n)s"28
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and is also generally believed to be responsible for radiation observed from

S

the earth's magnetic poles,29°31 solar atmosphere32'3" and tandem mirror

devices.35'36

« Tt
DA

AR

Under conditions of resonance, electromagnetic cyclotron waves can also

result in electron acceleration. This mechanism has been proposed as a

E: potential laser driven acceleration scheme3’ 3% as well as a possivle
'.‘\.

Et mechaniam responsible for the high energy electrons observed in type III solar
ah
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In this paper we derive a set of one dimensional, fully nonlinear and
relativistic wave-particle equations which describe the evolution of a system
of particles in a magnetic field. Both the beam and plasma electron dynamics
are treated fully ncnlinearly and self-consistently and the ions are assumed
infinitely massive. This formulation is used to study a beam-plasma cyclotron
instability which may have applications as a source of powerful coherent, high

frequency radiation. The particular cyclotron instability which we consider

1
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in some detail is the high frequency Doopler shifted interaction. This

interaction has been extensively studied in the absence of a background

22-24,38 In the absence of a plasma, the concept which utilizes a self

plasma.
resonance condition on the high frequency Doppler shifted interaction is
referred to as the cyclotron-autoresonance maseru1 {CARM). For an excellent

review of this promising millimeter and submillimeter radiation mechanism, see

!
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Ref. 19. For a magnetized relativistic electron beam propagating in a low
density plasma the frequency of this interaction is w = Yno where Y is the
relativistic mass factor and no 1{s the nonrelativistic electron cyclotron
frequency, and can substantially exceed the nonrelativistic electron cyclotron
frequency. For MeV electron beams, magnetic fields in the tens of kG range
and plasma densities of -~ 1015 cm"3, the radiation wavelength is well into the
millimeter regime. For the instability to develop the electron beam must have

a nonzero average transverse velocity component with respect to the magnetic

field. We find that {f the electron beam transverse velocity normalized to

L S LTA b

the speed of light is equal to the inverse of the relativistic mass factor,
l.e., Bl = 1/Y, the high frequency instability can be optimized in various
ways. For 81 = 1/Y an autoresonance exists between the streaming and gyrating
beam electrons in a background plasma and a propagating electromagnetic

wave, The background plasma, although passive, plays an important role in the

interaction by effectively modifying the dielectric medium in which the
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electron beam propagates. Also conversion efficiencies, radiation power/beam

power, can exceed 20% for practical device parameters. The dependence of beam

velocity spread on the efficiency is studied. We find, for example, that if
Bl = 1/Y the effects of a finite axial particle velocity spread has little
influence on the efficiency, however, a spread in the particle's pitch angle
can significantly reduce the efficiency.

In Section II the beam-plasma particle orbit equations are derived for a
right hand circularly polarized electromagnetic field. The equations
describing the evolution of this field are derived in Section III. In Section
IV the linear regime of the various cyclotron interactions are discussed with
emphasis on the high frequency mode. Sections 7 and VI discuss the effects of
a beam velocity spread on the instability and in Section VII an analytical
expression for efficiency is obtained. The results of numerically solving the
system particle-wave equations are presented in Section VIII for laboratory

parameters.
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II. Particle Dynamics

In this section the relativistic, nonlinear particle orbit equations are
obtained in a convenient representation. These particle orbits are used in
Section III to derive the appropriate driving currents for the electromagnetic
field. The current densities are, in turn, used to derive a system of self-
consistent, fully relativistic equations describing the temporal evolution of
the wave.

The transverse vector potential associated with the right hand circularly

polarized electromagnetic field is represented by
A(z,t) = A(t) (sin ¢(z.t)ex + cos ¢(z,t)ey), (1)

where A(t) is the temporally varying amplitude of the circularly polarized
wave, ¢(z,t) = kzz - f; w(t') dt' is the phase of A(z,t), k, is the wave
number, and w(t) is the temporally varying frequency.

The relativistic orbit equations, for electrons in the fields given by

Eq. (1) together with the axial magnetic field B = Boez' are
R - (@, x p)/Y - |e (-c-? 3a/3t + p x (VxA)/Ym ) (2)

where p = Ymog is the particle momentum vector, 4, = Q.e,, Qo = 1€ Bo/moc is

the nonrelativistic electron cyclotron frequency, Y = (1 + (g/moc'.')z)”2

Q

is the Lorentz factor, m, is the electron's rest mass, e is the electronic
charge and the dot denotes a total time derivative. Substituting (1) into (2),

the three components of the momentum equation become

Q
b= -2 b, - LB [(4(e) - v k) cos o(z,t) = T(t) sin o(z,0)],

(3a)

x Y Py




p, = T Px * lﬂlsiiil [(w(t) - vzkz) sin ¢(z,t) + T(t) cos ¢(z,t)],

(3b)

. _ A(t)
L o _c

[px cos ¢(z,t) - Py sin ¢(z,t)],
(3¢)

where I(t) = A-1(t) 9A(t)/3t is the nonlinear growth or decay rate of the
electromagnetic fleld and v, = pz/Ymo. A convenient representation for the

transverse particle momenta is px =- Pl cos 6, and py = 91 sin 6, where

p‘L - gl(zo, eo, By’ t) is the magnitude and 9 = e(zo, eo By? t) 1is the phase

of the transverse particle momentum at time t having the initial values 2z 8

o' Yo

and Ry- Using the transverse momentum representation, the orbit equations in

(3) become

R T - -
| S [(w pzkz/Ymo) cos ¢y - T sin y], (4a)

v = ~(w - pzkz/Ymo - ao/v)

+ é&%_ﬂ (w - pzkz/Ymo) sin ¢ + T cos ¥], (4b)
1
. 1e} Ak,
P, " " T D-L cos ¢, (4e)
o)

where ¢ = 8(t) + ¢(z,t) is the relative phase between the particle transverse
momentum and the electromagnetic wave. The rate of change of Y in this

representation is

{e| Ap

Y- - (wecos ¢ - T sin ¢). (5)
23
Ymoc
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III. Self-Consistent Evolution of Fields

The one dimensional wave equations for the vector potential Q(z.t) is

2 2
9 1 9 ~4n

(S-5)Jra-—/13, (6)
3z° o2 at? ¢ <1

where J(z.t) is the response particle current density which will be determined
by taking appropriate averages over the particle orbits. Substituting (1) into

(6), the wave equation can be cast into the form
a(t) cos ¢(z,t) + g(t) sin ¢(z2,t) = ~l4uz Jx(z,t), (7a)

-a(t) sin ¢(z,t) + B(t) cos ¢(z,t) = -lUne Jy(z,t). (7b)
where a(t) = (2Fw + dw/dt)A and B(t) = (u° - ¢k’ - 1% - 3I/3L)A.
To obtain a and B8 explicitly in terms of the response current density we
multiply (7a) and (7b) by cos ¢ and sin ¢. Upon integrating the resulting
equations over z from 0 to 2w/k, we obtain

2n/k
a(t) = -2kzc Io z dz(Jx(z,t) cos ¢(z,t) - Jy(z.t) sin ¢(z,t)), (8a)

21/k
g(t) = -2k e f dz(Jx(z,t) sin #(z,t) + Jy(z,t) cos ¢(z,t)), (8b)

In Eqs. (8), the spatial integral is taken from 0 to 2w/k, rather than from 0

to ». The reason for this is that we are considering solutions for the fields

that are spatial periodic with a period equal to a wavelength 21r/kz and with
temporally varying amplitudes and frequencies. The temporal evolution of a and

8 completely characterizes the electromagnetic wave. To obtain the temporal

et o Bon® e
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dependence of a, and B8, and hence the wave amplitude and frequency, the self-
consistent current densities are needed.

The particle current density can be expressed in terms of the particle
velocities averaged over the initial particle distribution funetion. The
average current density can be shown to be given by

1G,0) = ey, [ &, [ e

o FolZgrByr t=0) ¥(z_, B s t)

§(z-z(z_, p_» t)), (9)

where ny, is the average ambient particle density, E(zo, Eo' t) and

f(zo, Bo’ t) = fg/Ym0 denotes the axial position and velocity of the particle
with initial position Z, and initial momentum vector Pos fo(zo. Po» t=0) is the
initial Vlasov distribution function and the integrals are performed over all
initial momenta and positions. The initial distribution function fo is assumed
to be spatially symmetric about the z axis and normalized such that

nb f fo(zo, eo’ t=0) d3po = nb(zo, t=0), where nb(zo, t=0) is the initial beam
particle density and d3po = p°l de-L d
density representation in (9) the actual particle distribution function was

Poz deo. In obtalining the current
written as a sum of the individual particle distribution function. For a large
number of particles the sum can be replaced by integrals over the initial
momentum and position of the particles. Generalizing the response current in
(9) to more than one particle species evolves summing (9) over the various
particle distributions. Substituting (9) into Eqs. (8) together with the

representation for the transverse momentum, and performing the specified

integration over z ylelds




(Q(t)) _ uw|e|nbc

g(t)

p
cos
2x d ( < =k ¢ > (10)
(o [] pol P oy P o028 poi'poz) Y “sin w) ¥ b
where y = y(z P t) the average is defined as <ee+> - fzw ay
o' %o’ ’ ¥y 27 ‘0 o’
by = &5 * 9, and go(poi. poz) = fo(zo, Ry’ t=0) is the initial distribution
function which is assumed to be axially symmetric and spatially homogeneous.
The initial Vlasov distribution is normalized such that

2n If polgpol pozgo(pol'poz) = 1f In obtaining (10) we used that relationship

2n/k
- [

kK, o z dz In general the integration over z_ in Egs. (10}

of o]
should include all initial particle positions. However, in Egs. (8) the

integration over z extends from 0 to 21r/kz and since the system of particles
and fields are periodic in z, we may take the Z, integration range in (10) to

be from 0 to 2ﬂ/kz.

Normalized Particle-Wave Equations

The expressions in (10) together with the orbit equations in (4) describe
the fully nonlinear evolution of the fields represented by (1). Introducing
normalized variables, the orbit equations in (4) become

du u ;

5;* = -a[(w - z) cos ¢ - T sin ), (11a)

W | a7+ %— [(w - Z) stn % + T cos ¥], (11b)

du u

—-z---ak —J'cos ¥, (11e)
ot

and the fleld equations in (10) become




T Y —

L e B 0 o

u
- am -2 -*
(erw+22) a-uwfon [f P, %o, Pozbs < T+ 000 ¥, 1, (12a)

o) o

- u
-2 =2 =2 =2 or -2 1
-kK -k -T -—]as= 2 d d < sin > 12b
¢ z ) at wb[ "] pol poL Poz® ° ¥ v wO]' (120)
where uL = pl/moc, u, = pz/moc, T = not/<Y°>, <Yo> is the average initial
2 - —-—
value of Y, a = je| A/m,c%, w = m/(ﬂo/<Y°>), kz = ckz/(ﬂo/<Yo>).
kL = ckl/(QO/<Yo>), ' = P/(Qo/<YO>), AQ = o - uzkz/Y - <Yo>/Y,
- - = 2 £
w, = w,/(@ /<Y >) and w = (4mje;” n /m ) is the plasma frequency. For
completeness we include the normalized form of (7)
dy

u
—--—-‘-a(;cosw-f"sin ). (13)
drt Y

The initial conditions for Eqs. (11), (12) and (13) are ul(T-O) = uOL,
u, (t=0) = u_, Y(1=0) = Yo, ¥(1=0) = ¥, w(1=0) = w_ and
T(1=0) = O.

Up to this point we have considered a general distribution of particles
interacting nonlinearly with electromagnetic and electrostatic waves. The
present formulation can treat several particle species such as a beam and
background plasma by simply taking the initial Vlasov distribution function

0z

go(pol.p ) to be a sum over all the particle species. In this approach all

the particle species are treated fully nonlinearly and self-consistently.
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IV. Linear Growth Rates for Beam-Plasma Cyclotron Interactions

The linear electromagnetic dispersion relation, in unnormalized units,
for a cold magnetized electron beam propagating and gyrating within a cold
stationary plasma can be derived from the fully nonlinear equations in (11)
and (12)T The details of the derivation will not be given here, but can be

found in Ref. (34). The electromagnetic dispersion relation is

2 2
w_w w=-V_k
“’2'°2k§' -Q’Yﬁ[-v T
Wy o ¥ 7 Voz"z o o
2 2 22
Bo (w - ¢ kz)
-t ]. (14)

(= v_k =2/7)°

The left-hand side of (14) represents the electromagnetic dispersion relation
for right-hand circularly polarized waves in a cold, stationary plasma with
plasma frequency W The right-hand side of (14) represents the coupling term
due to the propagating and gyrating beam. The beam is taken to have a plasma

frequency Wy » axial veloeity v., and transverse velocity vo = cso .

oz 1l 1

In general there are three unstable interaction frequencies associated
with the dispersion relation. Fligure 1 shows the general features of the
dispersion relation and the three possible intersection frequencies for waves
propagating along the magnetic field. 1In this section we will be primarily
concerned with finding the linear growth rates for the medium and high
frequency modes, labeled Wy and Wy, respectively. To solve for the growth
rates we set w = w, + Sw, where w, = vozkz + QO/Yo and is the Doppler
shifted cyeclotron frequency and 1w, >> |8wj. The dispersion relation reduces

to

10
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2
w Q2 /w
2w [1 + - R 9 _o ] 8w
o 2( o Qof(uo Q_ + 8w)

2 2 2

ui QO/Y° Bo (wo -c ki + 2w°6m)

A - =t 1, (15)
Y Sw 2 2
o Sw

where we have set w - v,k, equal to nolYo on the right-hand side of (14) and
have taken the Doppler shifted cyclotron frequency W, to lie on the

' electromagnetic dispersion curve, hence Wy satisfies wg - czkg - mgmol(wo -
b Q,) = 0.

Case 1 (medium frequency interaction, o = wy 2 no)

In the absence of the beam, w, = 0, the frequency of the electromagnetic

wave in the background magnetized plasma, for waves slightly above the cut-off

frequency, is given by

£ A
w, = W, (1 + uz —;5——:—;5—), (16)
co ¢o p
2,.2
where Wy ® Qo (1 + wp/Qo) 1s the cut-off frequency, |ckz' < Bao and we have

assumed wp << Qo.

In this limit the dispersion relation in (15) reduces to

nz N§ QOIYO - Bi 9O Bi ﬂi
(——) 60 = T [ = Lo - —J'z —2]. (1)
Q Sw + w o Sw
o P

2
where 8w = w-w, and w, is given by (16). Assuming that |8uwj << Yoaqlno/z we

find that

11
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. (18)

From (18) we find that the growth rate for a wave propagating along the

magnetic field with a frequency near the cut-off frequency,
2,.2

mco - 90(1 + mp/ﬂo) - 90, is
e m2 u2
3 (1% Tb 24173
r =Im(éw) =2 (£ —=8°)"°, (19a)
ZZQOYO ol
for I << mz/ﬂ or
p o
T'= mbBOLIJZYo, (19b)

2
for T > up/Qo.

This result should be compared to the usual growth rate associated with the
cyclotron maser instability. That is, taking wy = 0, k, = 0 and introducing a
transverse wave number kl, it can be shown that the usual cyclotron maser

growth rate is

maser i% (—EL ;E 851)1/3' (20)
Comparing (19a) with (20) we note that the effect of the background plasma is
equivalent to an effective transverse wave number. The effective transverse
wave number introduced by the background plasma is not, however, “co/c’ as
would be expected, but is substantially smaller, due to the presence of the

' 2, 2 2
nearby cyclotron mode, and equal to (up/uco)wco/c ~ wp/(noc).

12
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Case 2 (high frequency interaction, w = w, >> Q)

2 2,1/2
w.)

For the case where w, >> 2, we find that w, = (czkz + o

2 2,2
= ckz(1 + mp/(Zc kz)). where w, >> 2, >> W Hence the dispersion relation in
(15) reduces to
2 2
- B Q
3 “p of .2 ) 2
Sw” = C w. = (== - 8% w) dwl. (21)
2moYo 2 p Yo o} o

2, 2 2,172
Since w, vzkz + QO/Yo = (¢ kz + wp) the wave number for this

interaction is given by

2
0o 2 .2 _ 0 2,2,,,2.2 (172
ck, -Y: 702802(1 + (1 mpvo/(novoz)) /Boz) (22)
where Y _ = (1 - 82 )1/2 and 8 = v__/c. Using (22) we find that the
0z oz oz oz ~°

interaction frequency W, is

Q
e] 2 .2 2.2 2.2 \1/2
w, = ;; {1 + Yozsoz(soz + (1 - mpYO/(QoYoz) ). (23)

For a highly relativistic electron beam in a tenuous plasma, i.e., Yoz » 1

and wao/(noYoz) << 1, the interaction frequency is ZYOE times higher than the
2 2,2

relativistic cyclotron frequency, that is, w, = ZYOZQO/YQ = 2?090/(1+Y08°l

)o
Two particularly simple limiting cases for the high frequency interaction can

be considered.

2
p

In this limit the dispersion relation, for a highly relativistic beam in

2 2
Case 2a ((duwj > w Bql/2|nolvo 8

ql“o')

2 2 2
a tenuous plasma, reduces to dw = wy, 1 Boz Bql)/ZYo where




ALY IST S

SO

crol el

Wil o808,

o7~ AN

wy = ZYoi (UNA P This high frequency interaction is unstable

2
if 891 + Boz > 1 and the growth rate 1s given by

82 +8_-1"2, (24)

Note that (24) is valid for wave frequencies satisfying (23), no frequency
mismatch. For a more complete description of the linear theory in this limit

see Ref. (15).

. 2,2 2
Case 2b (8w <K mpsql/2|a°/Y° B°lm°|)

In this limit the dispersion relation in (21) reduces to

2
/Y
3 %0 2 2
b’ = - ———— g% WS, (25)
nuo o] P
The linear growth rate assoclated with this high frequency mode is
7 wz wz
Y3 (BB g2,1/3
r==3 (55 s°l) . (26)
o o

In this section the linear regime associated with the beam-plasma cyclotron
interaction has been briefly discussed for the medium and high frequency
interaction. The remainder of this article will deal primarily with the
effects of beam velocity spreads and saturation efficiency of the high

frequency interaction.

14
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Y. Effects of Velocity Spreads

A somewhat simplified but useful way of considering the role played by a
beam energy spread is to examine the cyclotron resonance denominator term,

Q= - k, - QO/YO in the linear dispersion relation. For a beam with zero

Voz*z

energy spread in both the longitudinal and transverse directions the resonant
denominator in the linear interaction regime is nonzero and equal to the
linear frequency shift AuL, that is Q(voz,vql) =y ~ vozkz - Qo/Yo = AmL,
where |AmL| << w. If the beam electrons have a spread in longitudinal and
transverse velocities denoted by av, and Avl respectively, the cyclotron
resonance term will in turn have a spread, AQ. If |4AQ) is small compared to
the magnitude of the linear frequency shift, |AwL|. the interaction will
evolve as 1if av, and Av.L were zero. If on the other hand [AQ; is large
compared to |AuL|, the effect on the instability of the finite av, and Afl

will be significant. These simple physical arguments can be quantified by

expanding n(vz,vl) about voz' vql, where Vg ® Voz * sz and
VL - le + Avl. Expanding Q gives Q(VZ'YL) = Q(voz'vql) + AQ,

2
where A = (an/avz)sz + (39/3vl) Avl, an/avz = kz + (no/Y )av/avz =
_ 2 2 - 2
kz + Y Qovz/c and an/avl - (QO/Y ) av/avl Ynofl/c . The spread in the
cyclotron resonant term due to velocity spread is therefore

AQ = (-ckz * Y088, * Yogosola) sz/c, where a = AiL/sz. The effects of

velocity spread on the evolution of the instability can be neglected if

E 10K, = Yofo(By *+ By @)IAV /e << fbuy . (27)
b

The effects of a longitudinal velocity spread can be removed to lowest order

if Yogosoz = ckz. For Yonosoz - ckz condition (27) becomes
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| By |

Yoaqlao

AV /ey <K (28)
1

The spread in the relativistic mass factor, Y, associated with the velocity

3 )
( .

spread is AY = Y-Y = Yo ozdVz

For a particular choice of parameters an interesting possibility arises
for significantly relaxing the effects of a longitudinal beam velocity spread
on the instability. If we consider the high frequency interaction regime
(Case 2) for a highly relativistic electron beam in a tenuous plasma the

2

interaction frequency is given by w, = ckz - 2Yoz QO/YO. Using (23) and the

condition YoQoBoz - ckz = w, we find the necessary value of B°l required to

remove the effects of a longitudinal velocity spread on the high frequency
mode is BQl - 1/Yo. Taking B°l - 1/Y°, the transverse velocity spread

condition in (28) becomes

Av | AwL |
<L .
" 3 (29)
o

= Y8, and the

Note that for BQL = 1/Yo the interaction frequency is Wy

condition for Case 2b (see Eq. (25)) is automatically satisfied since

2
QO/Yo Boleo vanishes,
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YI. Beam Quality and Velocity Spread

The measure of quality of a spatially uniform electron beam propagating
along and gyrating about a uniform magnetic field is given by two independent
quantities. In this paper we will choose these two independent quantities to
be the fractional half-width spread in the relativistic mass factor Y and the
velocity plitch angle ao where eo = Bqllsoz' That is, the measure of beam
quality is determined by AY/Yo and Ae/eo where AY/Yo and Ae/eo are positive and
assumed small compared to unity. Figure 2 shows the velocity distribution for a

beam having a A8 and AY spread. In Fig. 2 the beam electrons are assumed to

uniformly fill the crossed region. The full spread in Bz and Bl' about the
average values Boz and B°l' is respectively 2Aez and 2A81. Using the symbol
6 tc denote the variation in a quantity from its average value, we find for
. 2

', » -

. individual electrons that 681 6068 + 60 eo(sv/vo + Yise/eo)/vo and

2.2 2 3
o0066/90)/Yo where §8 GY/YO is the variation in

ssz ~ §8 - 6056 = (GY/Yo -Y
the total electron's velocity and Yo >> 1. Note that the varijations 681,
682, §8, 50 and §Y can be of either sign. For BQL = 1/Yo and Yo > 1 the
average plitch angle is eo - 1/Yo and the beam's half-width spread in Bl and Bz

is given by

f
r

- AT, (2 28,3 :
ASL (Yo + Yo eo)/Yo > 0, (30a)
- a8, - (- 84% 5 0, (300)
. z ] 0o
. o o
%
v The expressions in (30) give the half-width spread in the transverse and
. longitudinal velocities in terms of AY/Y << 1 2ad 48/8 << 1 for Y, >> 1.
E Comdbining (30) and (29) we find that the fractional half-width spreads AY/Y,
: and Ae/e° can be neglected in the high freguency radiation excitation process
"
. 17
]
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N
e
s
N if
y
%
%
| |
$!+Y§%9<<13:u"‘. (31)
o 0 0 0
-
A Substituting the linear frequency shift Aw, = (w2 282 /(bw Y ))1/3/2 i.e.
¢ “, pwb o 00 ’
& the real part of Sw in the solution of (25), into (31) gives for the quality
2 requirements on the electron beam
A
Y w w
' Y, y2 88 ¢y (2203 (32)
A Y o6 o 2
" o) o 29
R o)
‘.
", - -
y where we have set 801 1/Yo and w, Yono. The inequality in (31) shows that
~ a beam pitch angle spread is more detrimental to the wave-particle interaction
¥
2 than a beam energy spread for relativistic electron beams. This point will be
. demonstrated in Section YIII.
~
’Q
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VII. Efficiency and Saturation of the High Frequency Interaction

A similar line of reasoning as used to determine estimates of velocity
spread effects can be used to estimate saturation efficiencies. 1If electron
trapping is responsible for saturating the instabllity one expects, for a beanm
Wwithout an initial velocity spread, that at saturation the resonance term
, where v

becomes (v Y s w-v_ _k_- QO/Ys = =f Aw

sz.Vql sz z and Ys is the axial

L S

beam velocity and relativistic mass factor at saturation and 0 < £ < 1 is a
phenomenological factor related to the fraction of trapped beam electrons in
the cyeclotron wave.

We now expand Q(vsz'vsl) about its initial value giving

»

aﬂ(voz,vo )

- - 9z 9|

Q(vsz’vsl) g(voz'vql) + (Ys Yo) aYo ’ (33)
where

- 2 2 2 2 2

: aQ(voz'VOl) i w ¢k, . wy _ qp/no' (31)

J GRS wY, WY, 2

- o

2 and n(voz’vql) - - vozkz - QO/Yo = AwL. In obtaining (34), the relation

N dy/dp, = (m/kz)moc2 was used, this relationship can be obtained from the orbit

: + =

- equations in (4) and (5). From (33), together with n(voz,vql) bw , we find

. - - ¥ 2 .

N that Yo Ys Y°(1 + ) AwLno/mp where Auwy, is the linear frequency shift
given by the Re(dw) in (25). Defining the saturation efficiency as
ng * (Yo-Ys)/(Yo-1), we find for Yo >> 1 that

3 AwLQ w,

- . o_(1+f£) bo,2/3~-1/3

- n, Yo(1 + f) u2 3 (2w2 ) Yo . (35)

. P p

X
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The approximate efficiency expression in (35) is appropriate for the case
where BQL = 1/Y°, i.e., and therefore 1s invalid for very large and very small
values of wy as stated in Section IV under Case ?. The efficiency expression
in (35) scales as 1/Y;/3 or as the cube root of the radiation wavelength. A
comparison of (35) with the numerically computed efficiencies is given in

Section VIII,.
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YIII. Numerical Illustrations

In this article we are interested in the possibility of appiying the high
frequency interaction process to the generation of high power millimeter and

submillimeter radiation. To this end the coupled wave particle equations in

e gz g &

(11) and (12) are integrated numerically for the high frequency interaction

which occurs at w = Yg(QO/Yo). Typically a few hundred particles per

wavelength are integrated for both the beam and plasma particles. Note that
in our formulation of the problem only the dynamics of those particles in a
single wavelength are needed. .

Figure 3 shows the efficiency and growth rate as a function of normalized

e ry

background plasma frequency for a 1.5 MeV (Yo = 4) and 3.5 MeV (Yo = 3) ]
1
' electron beam. The transverse beam electron velocity is B°l = 1/Yo = 0,25, l

0.125 and the hbeam plasma frequency is w, = 0.025 Qo' For an external

b
magnet ic field of Bo = 40 kG, the beam current flux is approximately 500

A/cmz. The interaction frequency is w = Yogo' corresponding to a wavelength |
of A = 0.67 mm for Y, " 4 and A = 0,34 mm for Yo = 8, The efficiency in Fig.
3 reaches a maximum value of -~ 18% at a plasma fréquency of wy = 0.2 no
(np = 2x 10" em™3). The calculated saturation efficiency given in Eq. (35) L
for these parameters is found to be ng = 14(1+£)% where f is between 0 and 1, and ;
is in reasonable agreement with the numerical efficiency of 18%. The growth
rate, at maximum efficiency for Yo = U {3 T =~2x 10-3 Qo/c = U,7 x 10"2 cm-1 |
which corresponds to an e-folding length of Le = 1/T = 22 cm.
Figure Y4 shows the effect on efficiency for a beam with energy spread, 1

AY/Y and pitch angle spread Ae/eo. The other parameters for this figure are l

aoJ- - Y, w, = 0.2 @ and w, = 0.025 q_. p
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In Fig. 5 the saturation efficiency i< shown as a function of beam
energy. In this figure the transverse beam electron velocity is B°l = 1/Yo
while the beam density (current flux) and background plasma density are the
same as for Fig. 4. A noteworthy feature in the figure is the relatively slow
falloff in efficiency with increasing beam energy. The wavelength of the

excited wave is 0.67 mm for Yo = 4 and 84 um for Yo = 32,

IX. Discussion

We have analyzed a beam plasma cyclotron wave instability which may have
application as a high efficiency, high frequency radiation source. Although
our analysis is somewhat general we have concentrated on the high frequency
Doppler-shifted interaction since efficient, high frequency sources are more
cnallenging to develop. The nonlinear coupled wave particle equations were
numerical solved and various plots of the radiation efficiency as a function
of background plasma frequency, beam energy spread and beam particle pitch
angle spread are presented. The conversion efficiency in the high frequency
plasma maser source could be enhanced by appropriately contouring the external
magnetic field as a function of axial position.m'18 Spatially contouring the
external magnetic field in order to enhance efficiency has been successfully
employed in conventional maser (gyrotron) devices.17

By choosing the average transverse beam velocity, le’ equal to c/Yo the
deterimertal effects of a spread in the axial beam velocity Av, can, to lowest
order, be removed. We have shown that high efficliencies, tens of percent, can
be achieved even for electron beams with large AY/Yo spreads and modest Ae/e°
spreads, see Fig. 4. Both analytical and numerical results show that the
saturation efficlency falls off gradually as the beam energy is increased, see

Fig. 5.
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Although not contained in the present paper our analysis shows that the
present radiation mechanism may be more appiicable to an osecillator
configuration. The high frequency Doppler-shifted mode the background plasma
merely serves to modify the index of refraction of the electromagnetic wave,
making it less than unity. 1In principle, the background plasma can be removed
and replaced by a propagating wave having a transverse spatial gradient such
as waves in an open resonator configuration. An open resonator configuration
has a number of important characteristics and advantages over a closed
resonator or waveguide configuration.

In an open resonator transverse mode selection is a natural consequence
of the larger diffraction angles associated with higher order transverse
modes. Higher order transverse modes tend to propagate out of the resonator
and thus have lower Qs. Longitudinal mode selection can be achieved by using
a Fabry-Perot interferometer. Furthermore, since the surface area of the
mirrors can be made large, open resonators can operate at extremely high power
levels,

A possible configuration for a plasma cyclotron maser oscillator
utilizing an open resonator cavity is shown in Fig. 6. Radiation which builds
up within the resonator is extracted through a small opening in the right

mirror.
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Figure U Shows the effect on efficiency for a beam with a half width

energy spread AY/YO and half width pitch angle spread Ae/eo for
a beam with Yo = 4, Other parameters used for this figure
are B°.L - 1/Yo, "'p = 0,2 Qo and w, = 0.025 Qo.

27

o, r P R S L T AT RO . -, e, O . .
S "'q“'-'.'-""'\" A et T e AT e e e T R RS SRS

TR PO DA
5" \-*. X -."l$ e ',\) ® \.‘n\ n “I‘ . .',-.' .".'_:’_-"-."'.".-.' . -\. x --‘:..‘ o SN N -“\ '.‘-.' ‘-‘.\‘ '-‘.'.



e S ST TV e et S ca B SR aang

Ns
20 T

£
>
Q
& i
O
e
(T
w -
2
Q
'2 10T Aylyo=A4016,=0
5 Bor =179
2 wplQp=0.2
» wp/ B = 0.025

-4

2 } + . +— 7,
8 16 24 32 40
RELATIVISTIC MASS FACTOR
Figure 5 Shows the saturation efficlency as a function of beam energy,
) Y, .

‘e ,' 0 e K3 -’. .‘ "'.
- 'w Dy :E
- -.( e .':-. -'Z\':-n. v

R .)..,. ---«\..\. AT ATRY \,::. h“*‘h‘f
AT P1

N, : Ny "P‘f: :’-"a’(‘.r" 2800 ::_, AR e A ,\3'

¥ PPNy .ﬁ\.\i‘-



*90JNOE JORTT]0E0

Josew uou3o1d£o ewseld e uoj uorjedn8iJuod 9Tqrssod e sMoys 9 9undij
NOILVIAVY
1Nd1NoO |
aiad Wv3d
IILINOVIN G3NddV NOYLOIT13 ONIWVIHLS
UNV ONILVHAD

d3L03rNI

r

4}
W

ahedecindtnchn R o dod ol .*L'h. NPT,

VINSV1d GNNOYONOVE HOYYIW HOLVYNOS3Y

29




REFERENCES

R. Q. Twiss, Aust. J. Phys., 11, 564, (1958).

2. A. V. Gaponov, Isv. Vyssh. Uchebn, Zaved, Radiofiz., 2, 450, (1959).

3. R. H. Pantell, Proc. IRE, ﬂl, 1146, (1959).

4. J. Schneider, Phys. Rev. Lett. 2, 504 (1959).

5. J. L. Hirsnfield and J. M. Wachtel, Phys. Rev. Lett. 12, 533 (1964).

6. J. L. Hirshfield, I. B. Bernstein and J. M. Wachtel, IEEE J. QE-1, 237

T. A. V. Gaponov, M. I. Petelin and V. K. Yulpalov, Radio Phys. Quantum
Electron. 10, 794 (1967).

8. D. V. Kisel', G. S. Korablev, V. G. Navel'yev, M, I, Petelin and Sh, E.
Tsimring, Radio Eng. Electron. Phys. 19, #4, 95 (1974).

9. N. I. Zaytsev, T. B. Pankratova, M. I. Petelin and V. A. Flyagin, Radio
Eng. Electron. Phys. 19, #5, 103 (1974).

10. VY. L. Granatstein, P. Sprangle, R. K. Parker and M. Herndon, J. Appl.
Phys. 46, 2021 (1975).

11. E. Ott and W. M. Manheimer, IEEE Trans. PS-3, 1 (1975).

12. J. L. Hirsnfield and V. L. Granatstein, IEEE Trasn. MIT-25, 522 (1977).

13. P. Sprangle and W. M. Manheimer, Phys. Fluids, 18, 224 (1975).

14, P, Sprangle and A. T. Drobot, IEEE Trans. MIT-25, 528 (1977).

15. K. R. Chu and J. L. Hirshfield, Phys. Fluids, 21, 461, (1978).

16. P. Sprangle and R. A. Smith, J. Appl. Phys., 51, 3001, (1980).

17. M, E. Read, K. R. Chu and A. J. Dudas, NRL Memo Report No. 4169 (1981).
AD-A 094 351

18. P. Sprangle, J. L. Vomvoridis and W. M. Manheimer, Appl. Phys. Lett., 38,
310, (1981), also Phys. Rev. A23, 3127, (1981).

19, I. E. Botvinnik, V.L. Bratman, A. B. Volkov, N. S. Ginzburg, G. G.

' Denisov, B, D. Kol'chugin, M. N. Ofitserov and M, I. Petelin, JETP Lett.,
VOl. 35' NO. 10' pp. 516. (1982).

20. J. L. Vomvoridis and P. Sprangle Phys. Rev. A, 25, 931, (1982).

2. Y Y. Lau, IEEE Trans., Vol. ED-29, No. 2, pp. 320, (1982).

22. V. L. Bratman, G. G. Dienisov, N. S. Ginzburg and M., I. Petelin, IEEE J.
Quantum Electron, Vol. QE-19, p. 282, (1983).

30
'-f‘.:f Catled o ‘f.;-';.-:.‘-"..-: .-‘,..-.'-"...:..-:._-...: a__.:«: .: R ..
- 4-: WL h")‘f\'. o ;:E;’ 2;_;;::':. :;\‘}E}-__. :,&;._-r._ RSO




‘ e . 0
(AT

AYNRPR A O SN A B Jo A XL TGN e e F b F T3 AL of S

23.
24.

25.

26.

27.

28.

29.

30.

31.
32.
33.
34,

35.
36.
37.

38.
39.

4o.

u1.

D. S. Birkett and T. C. Marshall, Phys. Fluids 24, 178 (1981).
A. T. Lin, W. W, Chang and C.-C. Lin, Phys. Fluids 27, 11054 (1984).

V. L. Bratman, M. A. Moiseev, M, I, Petelin and R. E. Erm, Radio Phys.
Quantum Electron. 16, 474 (1973).

V. L. Granatstein, M, Herndon, R. K. Parker and P. Sprangle, IEEE J.
Quantum Electron. QE-10 p. 651 (1974).

K. E. Kreischer and R. J. Temkin, Intl. J. of Infrared and Millimeter
Waves, Vol. 2, No. 2, p. 175 (1981).

P. Drossart, H. Bohmer, J. M, Buzzi, H. J. Doucet, B. Etlicher,

P. Haldenwang, H. Lamain and C. Rouille, Proc. 3rd Intl. Conf. on High
Power Electron and Ion Beams, Novosibirsk, USSR (1979).

C. S. Wu and L. C. Lee, Ap. J. 230, 621 (1979).

H. P. Freund, H. K. Wong, C. S. Wu and M. J. Xu, Phys. Fluids 26, 2263
(1983).

C. S. Wu and H. P. Freund, Radio Sei. 19, 519 (1984),
R. R. Sharma, L. Vlahos and K. Papadopoulos, Astr. Ap. 112, 377 (1982).
D. B. Melrose and G. A. Dulk, Ap. J. 259, 844 (1982).

L. Vliahos and P. Sprangle, Univ. of Md. Memo Report No. AP85-039, also
submitted to Ap. J. (1984).

Y. Y. Lau and K. R. Chu, Phys. Rev. Lett., 50, 243, (1983).
K. T. Tsang, Phys. Fluids 27, 1659 (1984).

A. A. Kolomenskii and A. N. Lebedev, Dok. Akad. Nauk. SSSR 1&5, 1259
(1962) and Sov. Phys. Dokl. 7, Ti5 (1963).

J. L. Vomvoridis, IEEE Trans.Nucl. Seci., 28, 3418, (1981).

P. Sprangle, L. Vlahos and C. M. Tang, IEEE Trans. Nucl. Sci. NS-30, 3177
(1983).

P. Sprangle and L. Vlanos, Ap. J. (Letters) 273, L95 (1983).

V. L. Bratman, N, S. Ginzburg and M, I. Petelin, Optics Commun. 30, 409
(1979).

31
e .._, -_.,,-,-_.,.» T e T T S l'.. ACACS ".'
..... .'.--‘_,.._‘_ \ .‘- ’
A R R N2 N SO S SR N Y

1



y‘&‘ﬁ'&%: ST MAK W BN

LAY [ R A A N

BT

At

—_ry A
IRAMSING AR o
.
d H
¢
.
.

r.

o &' s

L

10-85

DTIC

Ca- emP e g Tt gW Y. . - ¢
R AR St it Sk B gt St sl SRR

N N A A A
N - AL AGACRCACY o

T i R PR

b 0 N A




